Plant tillering and related traits are morphologically important components contributing to switchgrass (Panicum virgatum L.) biomass yield. The objectives of this study were to estimate broadsense heritabilities for tillering-related traits, to analyze correlations between biomass yield and the traits, and to identify quantitative trait loci (QTL) for them. A first-generation selfed population of NL94 plant and a hybrid population between NL94 and SL93 plants were field established in a randomized complete block design with three replications in Stillwater and Perkins, OK. Phenotypic data were collected in 2 yr and genotypic data were obtained by genotyping simple-sequence repeat (SSR) markers in the two populations on the basis of two preexisting genetic maps. Plant base size (PBS), plant girth (PG), tillering ability (TA), tiller diameter (TD), and tiller dry weight (TDW) were positively correlated with biomass yield in both populations. Consistently, PBS had the largest correlation coefficients for biomass yield, suggesting its value as an indirect selection criterion for biomass yield. Twenty and 26 QTL for six tillering-related traits were detected in the hybrid and selfed population, respectively. Among the QTL, one on linkage group (LG) 5a between sww-2387/ PVCAG-2197/2198 and PVGA-1649/1650 for PBS, PG, and TA and another on LG 2a between sww-2640/sww-2545 and PVCA-765/766 for TD and TDW were stably detected in multiple environments in the two populations. The findings add to the knowledge base regarding the genetics of tillering-related traits that could be used in accelerating the development of highyielding cultivars through marker-assisted selection.
low nutrient requirements for biomass production Vogel, 1996) . Lowland and upland are two major ecotypes in the taxon with the differences of morphological characteristics and habitat preference (Hultquist et al., 1996) . Lowland ecotypes are primarily tetraploids that are taller, thicker stemmed, and adapted to relatively humid environments as compared with upland ecotypes that are primarily octaploids (Barnett and Carver, 1967; Hopkins et al., 1996; Martínez-Reyna et al., 2001; Stroup et al., 2003) . Upland ecotypes are more prevalent to northern latitudes of the species adaptation range, whereas lowland ecotypes are dominant at southern latitudes, although both ecotypes overlap their distributions in the US transition zone (Brunken and Estes, 1975; Casler et al., 2007 Casler et al., , 2015 .
Most breeding efforts in switchgrass are targeted to improve biomass yield (Price and Casler, 2014a) . As lowland switchgrass produced higher biomass yields than upland switchgrass in the southern United States (Fuentes and Taliaferro, 2002; Cassida et al., 2005; Bhandari et al., 2010) , switchgrass breeding programs in this region focus on improving lowland germplasm, while northern breeding programs improve upland switchgrass. Direct selection for biomass yield in switchgrass has proven lengthy and difficult, as many factors influence biomass yield (Price and Casler, 2014a) .
Indirect selection for important biomass components has potential for increasing the efficiency of improving biomass yield in switchgrass. Morphologically, switchgrass biomass is composed of harvestable tillers in each unit area. In an experiment of space-planted lowland switchgrass populations, Das et al. (2004) reported the number of tillers per plant had a higher effect on biomass yield than tiller length, leaf blade length, and leaf blade width. Similarly, Boe and Beck (2008) reported tiller density and mass had large positive effects on biomass yield in upland switchgrass tested in sward conditions. Using half-sib and full-sib lowland switchgrass families in space-planted nurseries, Bhandari et al. (2010 Bhandari et al. ( , 2011 reported narrow-sense heritabilities for tillering ability, plant height, and stem thickness were low to moderate (0.20-0.48). They suggested using tillering ability, plant height, and stem thickness as indirect selection traits for improving biomass yield in rigorous family evaluation procedures. In contrast, Price and Casler (2014a) reported a negligent narrow-sense heritability estimate (0.06) for tiller number but moderate to high for plant height (0.41) and flowering date (0.75) in an upland population. Therefore, they suggested using the latter two traits as effective criteria for increasing biomass yield in a within-family selection scheme. Price and Casler (2014b) also reported tillering-related traits had a large effect on space-planted parental plant biomass but not on biomass yield of sward-planted progeny. They argued that the difference was attributable to different effects of plant competition. These results collectively demonstrate the challenge using secondary morphological traits in improving biomass yield in switchgrass.
With the development of molecular marker technologies, detecting QTL controlling important traits, such as tillering and related traits, becomes possible, providing a new opportunity to understand genetic structures for biomass yield and its components in switchgrass. Construction of DNA marker genetic maps, identification of genomic regions for important quantitative traits (i.e., QTL mapping analysis), and cloning genes underlying important QTL have great potential to aid in switchgrass breeding. Recently, solid progress has been made in the development of molecular markers and genetic maps in switchgrass (Missaoui et al., 2005; Tobias et al., 2005; Okada et al., 2010; Wang et al., 2011; Serba et al., 2013; Lowry et al., 2015) . Two genetic linkage maps based on SSR markers were developed: one in a first-generation selfed population and another for a twoparent crossed lowland population in switchgrass in our laboratory Dong et al., 2015) . Accordingly, the objectives of this study were to (i) characterize tillering-related traits, (ii) estimate broad-sense heritabilities for these traits, and (iii) identify QTL for the traits using the two preexisting switchgrass populations.
Materials and Methods

Plant Materials, Planting Design, and Management of Field Trials
Two lowland mapping populations and their two parents constituted plant materials in this investigation. One fullsib F 1 progeny mapping population including 176 progenies was derived from crossing of two lowland parental genotypes: NL 94 LYE 16x13 (NL 94) and SL 93 7x15 (SL 93) Dong et al., 2015) . Another population was composed of 265 individuals from selfing NL 94 . Sufficient planting materials of these progeny were prepared in a greenhouse for establishing two field trials. The NL 94 plant was the maternal parent shared in the two populations. The two parents, NL 94 and SL 93, were respectively chosen from northern lowland (NL) and southern lowland (SL) breeding populations in two low-yield environment selection nurseries of Oklahoma State University (OSU) in 2007 .
To collect phenotypic data, individual clonal plants of the progeny along with their parents of the two mapping populations were prepared in a greenhouse on the OSU Agronomy Research Farm (OSUARF) from the summer of 2010 to the spring of 2011 (Dong et al., 2015) . The plants were used in two field trials. One trial was established on the OSUARF in Stillwater (STW), OK, while the other was established on the OSU Cimarron Valley Research Station, near Perkins (PKS), OK. In each trial, all the progeny plants and two parents were transplanted in a randomized complete block design with three replications. Each plot consisted of three clonal plants of one entry. Plants of the two parents were transplanted in the last row of each replication. Plot size was 1.07 by 1.07 m. Entries of the two populations were randomized together within a replication; therefore, each replication contained 443 entries including the two parents, NL94 and SL93.
Clonal plants were transplanted into a field at STW on 20 to 23 May 2011. The field trial at PKS was transplanted on 27 to 30 May 2011. One border row of switchgrass plants was grown around each field to minimize edge effects in both trials. Immediately after transplanting, preemergent herbicides Atrazine (6-chloro-N-ethyl-N-isopropyl-1,3,5-triazine-2,4-diamine), Surflan (Oryzalin: 3, 4 N 4 -dipropylsulfanilamide) and Escort (methyl 2-[[(4-methoxy-6-methyl-1,3,5-triazin-2-yl) amino] sulfonyl] benzoate) were applied at 1.12, 1.12, and 0.007 kg a.i. ha −1 , respectively. And then the trials were thoroughly watered once a week for 3 wk (Dong et al., 2015) . Atrazine, Surflan, and Roundup (Glyphosate: N-(phosphonomethyl) glycine) were spread at 2.24, 2.24, and 4.48 kg a.i. ha −1 before switchgrass plants spring greened up in March of 2012 and 2013. Hand weeding was used to clean alleys between neighboring plants in each summer. In May of 2012 and 2013, urea was applied at a rate of 67.2 kg N ha −1 (Dong et al., 2015) .
Phenotypic Data Collection
Phenotypic data for tillering-related traits, TA, PG, TD, PBS, node number per tiller (NNT), and TDW in the two trials were collected in both 2012 and 2013 at the two locations. Tiller ability was visually rated in early summer of the 2 yr using a scale of 1 (least tillering) to 9 (most tillering) in the field (Bhandari et al., 2010) . Plant girth was measured using a custom-made belt at a height of ~0.6 m above the soil surface after plants were dormant. A representative tiller from each of three plants in a plot was cut from a plant base after taking PG measurements. Three tillers per plot, making a sample, were placed into a paper bag. Tiller samples were used to collect fresh weight and then dry weight after dehydration at 55C for 3 d. Tiller diameter was measured near the bottom node for each tiller and then made an average of three tillers per sample. Node number per tiller was an average over a total number of nodes counted on all three tillers together in a sample. Plant base size was taken by measuring circumference for each plant ~10 cm above the soil surface after the plot was harvested for biomass yield using a corn-silage chopper as described by Makaju (2014) .
Genotypic Data Collection
Randomly selected, 139 individuals of the selfed progeny population and 132 individuals of the crossed progeny were used for the construction of a linkage map in the selfed population and a linkage map of the hybrid population as described by and Dong et al. (2015) , respectively. The two preexisting linkage maps were used in the initial QTL mapping for the six tillering-related traits. Once significant QTL were identified in each map, two SSR markers on each side of the QTL were genotyped in the remaining 126 individuals of the selfed population and 44 individuals of the crossed population to increase QTL mapping accuracy.
Polymerase Chain Reaction Procedures for Genotyping Simple-Sequence Repeat Markers DNA of each sample was extracted following a CTAB method (Doyle and Doyle, 1990) . Polymerase chain reaction (PCR) chemicals and procedures for genotyping the selected SSR markers followed those described by . Thermal cyclers model 2720 (Applied Biosystems) were used for fluorescence-labeled PCR. At the end of the PCR, 5 mL Stop Solution (LI-COR) was added into each PCR well. The PCR products of two 96-well plates, one labeled with 700-nm fluorescent dye and another with 800-nm fluorescent dye, were combined into one plate and spun down (Dong et al., 2015) . Gel electrophoresis followed the protocol described by Wu and Huang (2008) . Alleles of the selected markers for each of the progeny samples were detected on a LI-COR 4300 DNA Analyzer (LI-COR).
Linkage Mapping
The alleles of selected markers flanking significant QTL detected in the initial QTL mapping step were visually scored following the instructions of JoinMap 4.0 (Van Ooijen, 2006) . Alleles for the hybrid population were recorded as CP population including segregation types <abxcd>, <efxeg>, <hkxhk>, <lmxll>, and <nnxnp>, while the alleles of the selfed population were recorded as the CP segregation type <hkxhk> (Van Ooijen, 2006) . The allelic data of the progeny within the hybrid and selfed populations were used for establishing two enhanced linkage maps using JoinMap 4.0, respectively. Kosambi's mapping function was selected for calculating genetic distances between linked loci.
Phenotypic Data Analysis
MEANS procedure in SAS was used for calculation of trait means in each of the two populations and parents, respectively (SAS Institute, 2011). The CORR procedure in SAS was used for calculation of correlation coefficients between the traits and biomass yield (SAS Institute, 2011) . The UNIVARIATE procedure in SAS was used for producing histograms of tillering-related traits (SAS Institute, 2011) . The MIXED/TYPE3 procedure in SAS was used to get mean square and variance components (SAS Institute, 2011) . The model in the MIXED procedure was used as follows:
individual observation, overall mean, the random ith year effect, the random jth location effect, the random effect of interaction of the ith year and the jth location, the random kth replication effect of the ith year and the jth location, the random lth genotype effect, the random effect of interaction of the ith year and the lth genotype, the random effect of interaction of the jth location and the lth genotype, the random effect of interaction of the ith year, the jth location, and the lth genotype random effect of errors. Broad-sense heritability was estimated based on the formula as follows: (Lynch and Walsh, 1997) . Each trait was calculated by using a covariance structure from SAS/ MIXED/TYPE3 as (Jiang et al., 2014) :
/RLY, and s 2 E /RLY designate genotypic variance, year variance, location variance, genotype ´ location ´ year variance, genotype ´ year variance, genotype ´ location variance, year ´ location variance, replication nested in year ´ location variance, and error variance, respectively, and L, Y, and R represent location number, year number, and replication number, respectively.
Quantitative Trait Loci Detection
The codes hh (one upper band), hk (two bands), and kk (one lower band) for the selfed population, as used in constructing the enhanced linkage map , were converted to F 2 population codes a, h, and b before QTL mapping was performed as described by Dong et al. (2015) . The conversion included phase {00}-hh > a, hk > h, kk > b and phase {11}-hh > b, hk > h, kk > a (Dong et al., 2015) . Genotypic data and phenotypic data in different combinations of the progeny within each population were used for QTL detection of tillering-related traits separately using MapQTL 6.0 (Van Ooijen, 2009). Initially, an interval mapping (IM) model was used to detect QTL on each LG with logarithm of the odds (LOD) value >2.5 based on a single group-wide permutation test (Van Ooijen, 2009) . A multiple-QTL model (MQM) was used subsequently for increasing the analysis power by selecting the markers nearby the QTL detected in the IM model as cofactors (Van Ooijen, 2009 ). After first MQM detection, an automatic cofactor selection (ACS) procedure was adopted for getting the significant cofactors and removing the nonsignificant QTL cofactors (Van Ooijen, 2009 ). The ACS and MQM were performed alternately until no other QTL and no higher LOD values were discovered on these linkage maps (Van Ooijen, 2009 ). The stable QTL locations on LGs were determined using the LOD significance threshold >3.5 derived from a 1000-permutation test at P ≤ 0.05 based on genome-wide selection (Van Ooijen, 2009 ).
Results
Phenotypic Variation
Means and ranges of the six tillering-related traits are given by each year-location environment in the two populations separately in Tables 1 and 2 , and overall means over 2 yr and two locations for each of the two populations in Table 3 . For the hybrid population in Table 1 , the progeny population means of PBS, PG, NNT, and TA (except in 2013 at STW) in four year-location environments were higher than or equal to the larger one of the two parents (NL94 and SL93), indicating mean-parent heterosis expressed for PBS (9.33%), PG (18.17%), and TA (27.27%) in the hybrid population (Table 3) . However, the progeny means of TD and TDW in the four environments were between or smaller than that of the two parents, indicating no heterosis for the two traits in the hybrid population. For the selfed population in Table 2 , the progeny population means of PBS, PG, TA, TD, and TDW were smaller than the values of the parent NL94 in all four environments, indicating selfing depression expressed for PBS (19.09%), PG (26.22%), TA (20.00%), TD (9.25%), and TDW (17.14%) in the population (Table  3) . But compared with the values of NL94 parent, population means of NNT were equal in 2012-PKS and 2013-STW environments, larger in 2012-STW, and smaller in 2013-PKS. As expected, the hybrid population had higher values than the selfed population for the tilleringrelated traits, except NNT, across four environments (Table 3) . Frequency distributions for the six traits in the Table 1 . Mean, minimum, maximum, standard deviation (SD), and LSD values of six tillering-related traits in a hybrid population of NL94 ´ SL93 along with mean values for its two parents in 2 yr, 2012 and 2013, at two locations, Perkins (PKS) and Stillwater (STW), OK. Plant base size  Plant girth  Tillering ability  Tiller diameter  Node number per tiller  Tiller dry weight   2012  2013  2012  2013  2012  2013  2012  2013  2012  2013  2012 2013 two populations are respectively given in Supplemental Figures S1a-c, and S2a-c.
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ANOVA, Variance Components, and Heritability Estimates
Mean squares for different sources for each of the six tillering-related traits in the two populations are listed in Table 4 . Genotypic variation was significant for each of the six traits in both the hybrid and selfed populations. Replication nested in year and location was significant for all six traits in the hybrid population and the selfed population except NNT (Table 4) . Genotype ´ location interaction was significant for PBS, PG, and NNT but not significant for TA, TD, and TDW in the hybrid population. Genotype ´ location interaction was significant for PBS, PG, TA, TD, and TDW but not significant for NNT in the selfed population. Genotype ´ year interaction was significant for PBS and TDW in the selfed population.
Variance components and broad-sense heritability estimates for each of the six tillering-related traits in the two populations are given in Table 5 . The broad-sense heritability estimates of the six tillering-related traits varied from 0.17 (PG) to 0.77 (TD) in the hybrid population and from 0.19 (NNT) to 0.68 (TD) in the selfed population (Table 5 ). Heritability estimates of TD and TDW were consistently the highest among the six traits in both populations (Table 5) .
Correlations Between Tillering Traits and Biomass Yield
The correlation coefficients between plant biomass yield and each of the six tillering-related traits are presented in Table 6 . The traits PBS, PG (except in STW13), and TA (except in PKS13 and STW13) were significantly associated with biomass yield in all or most environments in the two populations. Both TD and TDW were significantly associated with biomass yield in two (PKS13 and TY&TL) of five environments in the hybrid population, while both traits were significantly correlated with biomass yield for the selfed population in all five environments. Node number per tiller was not significantly correlated with biomass yield in the hybrid population and three (PKS13, STW13, and TY&TL) of five environments in the selfed population.
Quantitative Trait Loci Detection
In the initial QTL mapping step, 74 markers from LGs of the hybrid population (Dong et al., 2015) and 100 markers on the selfed LGs were identified to flank significant QTL (details not provided). The identified markers were genotyped in the remaining individuals within each of the two populations. The new genotypic data were combined with the preexisting genotypic data to construct 11 new LGs for each of the two populations. The
LGs of the hybrid population consisted of 1a, 1b, 2a, 2b, 3a, 3b, 5a, 5b, 6b, 8b, and 9a, while the LGs of the selfed population included 1a, 2a, 2b, 3b, 5a, 5b, 6b, 7a, 8a, 9a, and 9b. On the basis of ANOVA results in Table   Table 5 . Variance components from a mixed procedure in SAS and broad-sense heritability (H 2 ) estimates in a hybrid population of NL94 ´ SL93 and a first-generation population of NL94 switchgrass. * Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level.
**** Significant at the 0.0001 probability level. † Nonsignificant at the 0.05 probability level.
4, datasets of each population were selectively combined for QTL detection. For example, datasets of NNT in the selfed population were combined and datasets of TA, TD, and TDW in the hybrid population were combined, as genotype ´ year and genotype ´ location both were not significant for each of the traits. As genotype ´ year and genotype ´ location interactions were both significant for PBS and TDW in the selfed population, datasets for each of the four year-location environments were separately used for QTL mapping. Genotype ´ location was significant but genotype ´ year not significant for PG, TA, and TD in the selfed population and PBS, PG, and NNT of the hybrid population datasets of 2 yr within a location were combined for each of them within each population. In addition, datasets of each trait in each population across 2 yr and two locations (TY&TL) were combined into one overall dataset for QTL analysis. For each trait, QTL identified in the same or similar SSR marker interval in different datasets were considered the same QTL to avoid over estimate number of QTL.
For the hybrid population, 20 QTL were identified based on the datasets of separate environments and an overall combined environment of TY&TL for the six tillering-related traits (Table 7) . Four QTL for PBS, four for each of PG and TA, two for TD, three for each of NNT and TDW were detected, respectively. Phenotypic variance explained (PVE) per QTL ranged from 7.7 to 17.8% for PBS, 5.9 to 17.9% for PG, 5.7 to 9.7% for TA, 8.8 to 12.5% for TD, 5.7 to 9.4% for NNT, and 5.7 to 11.1% for TDW. For PBS, the QTL between PVCAG-2197/2198 and PVGA-1649/1650 on LG 5a was identified consistently in all the separate environments, PKS12&13 and STW12&13 and the combined environment of TY&TL, accounting for up to 17.8% of phenotypic variation. The same genomic region was also consistently significant for PG in all environments with a PVE value of 17.9% in the TY&TL environment. The findings indicated the QTL had pleiotropic effects for the two traits (Fig. 1) . Similarly, one QTL for NNT on LG 1a was consistent in the environments of STW12&13 and TY&TL but not detected in the environment of PKS12&13. One genomic region around nfsg-137 SSR marker locus on LG 9a was significant for TA, NNT, and TDW, indicating another pleiotropic effect (Table 7) .
For the selfed population, 26 QTL were identified from separate environments and combined environments, explaining 3.7 to 13.4% of phenotypic variation each QTL (Table 8) . Eight QTL for PBS, five for PG, four for TA, three for TD, one for NNT, and five for TDW were detected. And the PVE per QTL was from 5.1 to 10.9% for PBS, 5.1 to 9.0% for PG, 4.3 to 8.4% for TA, 5.5 to 13.4% for TD, 8.0% for NNT, and 3.7 to 10.9% for TDW. Significant QTL on LG 2a were detected for PBS, TD, TA, and TDW. The QTL for TD on both LG 2a and 9a were consistently identified in the environments of PKS12&13, STW12&13, and combined TY&TL (Table 8 ; Fig. 2) . Additionally, the QTL around the marker PVGA-1405/1406 were detected for PBS, PG, TD, and TDW in separate and combined environments.
Discussion
Tillering-related traits are contributing factors for biomass production in switchgrass. It is valuable for breeders to better understand genetics of these quantitative traits and to develop molecular markers in aiding Table 6 . Correlation coefficients between biomass yield (Makaju, 2014) and each of six tillering-related traits in a hybrid population of NL94 ´ SL93 and a first-generation selfed population of NL94 switchgrass for individual year-location environments and overall combination over 2 yr, 2012 and 2013 and two locations, Perkins and Stillwater, OK. conventional breeding in switchgrass. In this study, we characterized six tillering-related traits, estimated broadsense heritabilities, and identified significant QTL in two mapping populations. Significant genotypic variation existed for each of the six tillering-related traits in the two populations, and as expected, all six tillering-related traits were also controlled by environments and genotype ´ environment interactions. For biomass yield, heterosis expression in the hybrid population and inbreeding depression in the selfed population was recently described by Makaju (2014) . In this study, we discovered heterosis expressed for PBS, PG, TA, and NNT, but not for TD, and TWD in the hybrid population and inbreeding depression for PBS, PG, TA, TD, and TDW but not for NNT in the selfed population. Low to moderate heritability estimates were identified for PBS, PG, TA, and NNT but moderate to relatively high heritabilities for TD and TDW in both populations. For the overall combined environment, the six tillering-related traits, except NNT, were positively correlated with biomass yields in the two populations. The findings for TA, TD, and TDW in this study were consistent with the previous results in lowland switchgrass (Bhandari et al. 2010 (Bhandari et al. , 2011 . Interestingly, PBS had the largest correlation coefficients with biomass yield among the tilleringrelated traits. This finding indicates that plants with larger base size will likely produce higher biomass yields. Plant base size appears to be an indirect selection trait, better than tillering ability to increase biomass yield, although previous studies have suggested tiller number may be the most efficient indirect selection criterion for improving biomass yield in space-planted nurseries in both lowland and upland ecotypes (Bhandari et al., 2010; Boe and Beck, 2008; Das et al., 2004) . Plant base size was not included to correlate with biomass yield in the previous studies. From a practical breeding perspective, PBS is an easier to evaluate than tillering ability or number of tillers. Therefore, use of PBS as an indirect selection trait is recommended for improving biomass yield in switchgrass. This study suggested NNT may not be correlated with biomass yield, which differs from the results reported previously that biomass production was effected significantly by number of phytomers per tiller in upland switchgrass swards (Boe and Beck, 2008 ; Boe and Casler, Table 7 . Quantitative trait loci detected in a hybrid population of NL94 ´ SL93 switchgrass in separate environments (PKS12&13, STW12&13) and an overall combined environment over 2 yr (TY) and two locations (TL). Quantitative trait loci mapping is a well-known means to associate genomic regions with quantitative traits of interest based on linkage maps of molecular markers that provide necessary information for markerassisted selection in major crops, but only three reports on QTL mapping research have been recently available in switchgrass (Dong et al., 2015; Serba et al., 2015; Lowry et al., 2015) . Dong et al. (2015) reported three stable QTL for reproductive maturity in two lowland switchgrass populations, which were also used in this study. Serba et al. (2015) reported 11 QTL for biomass yield and plant height in a heterozygous F 1 population of a cross between lowland 'Alamo' genotype AP13 and upland 'Summer' genotype VS16. Using a lowland switchgrass mapping population, Lowry et al. (2015) reported 27 significant QTL for 23 traits but no significant QTL for other 33 traits. They detected one QTL for crown width (the same as PBS in this study), one QTL for tiller width (TD in this study), two QTL for tiller mass (TDW), but no QTL identified for number of tillers (the same as TA). They did not include PG and NNT in their investigation. From this study, we detected 20 QTL in the hybrid population and 26 QTL in the selfed population for the six tilleringrelated traits (Table 7, 8) . One of the most significant QTL of this investigation was mapping of a QTL between 2005). The disagreement may be derived from different morphological characteristics and development priorities when switchgrass plants grow in distinct cultural conditions. In the space-grown condition of this study, as lateral space is available for developing tillers, plants biomass variability is related to genetic potential of tillering capability. However, in the sward condition that provides limited lateral spacing for increasing tillers, plants compete for vertical space, resulting in biomass production variability related to phytomers per tiller.
The broad-sense heritabilities for TA and TDW ranging from 0.26 to 0.54 and from 0.63 to 0.75 in the hybrid and selfed populations of this study were higher than 0.20 to 0.48 for TA and 0.13 to 0.29 for TDW reported in lowland switchgrass based on different families by Bhandari et al. (2010 Bhandari et al. ( , 2011 . This is because the heritability estimates in this study include additive and nonadditive effects, while the heritability estimates in Bhandari's reports primarily reflect additive effects (Bhandari et al., 2010 (Bhandari et al., , 2011 . In the two populations of this study, TD had relatively high heritability, indicating this trait was less influenced by environment relative to other traits. Heritability estimates for PBS, PG, and NNT were low in both populations, suggesting large effects of environment and genotype ´ environment interaction on expression of these traits. sww-2387/PVCAG-2197/2198 and PVGA-1649/1650 on LG 5a for PBS, PG, and TA (Table 7, 8; Fig. 1 ). The QTL explained 13.8 to 17.9% of phenotypic variation for PBS and PG in the hybrid population and 6.8 to 8.1% for PBS and 6.6% for TA in the selfed population. The QTL was stable with LOD values from 4.89 to 10.84 in 10 separate Table 8 . Quantitative trait loci detected in a selfed population of NL94 switchgrass in separate environments (PKS12, Perkins, 2012; STW12, Stillwater, 2012; PKS13, Perkins, 2013; STW13, Stillwater, 2013) tillering-related traits. Hybrid vigor was expressed for PBS, PG, NNT, and TA in the hybrid population, while inbreeding depression was observed for PBS, PG, TA, TD, and TDW in the selfed population. Plant base size had the largest coefficients correlated with biomass yield, suggesting its potential use as an indirect selection trait for improving biomass yield in lowland switchgrass. Among 20 significant QTL identified in the hybrid population and 26 QTL detected in the selfed population, two QTL were stably detected in multiple environments across the two populations. The SSR markers flanking the significant QTL are valuable in marker-assisted selection for improving biomass yield in lowland switchgrass. the hybrid population and 6.9% of TDW and 7.8 to 13.4% of TD phenotypic variation in the selfed population (Fig.  2) . The two stable QTL were not reported in the previous QTL mapping investigations. The SSR markers flanking the stable QTL have great potential used in markerassisted selection for improving switchgrass biomass yield. Other QTL and associated SSR markers could be validated in new populations. If associations were detected reliably, then the closely linked SSR markers could be used to improve lowland switchgrass biomass yield through marker-assisted selection.
Conclusions
Two lowland switchgrass progeny populations grown for 2 yr at two locations in Oklahoma were used to identify QTL for six tillering-related traits. As expected for an outcrossing species, the two progeny populations exhibited significant genotypic variation for each of the six 
